Chemokine receptors (CKRs) function in the inflammatory response and in vertebrate homeostasis. Decoy and viral receptors are two types of CKR homologs with modified functions from those of the typical CKRs. The decoy receptors are able to bind ligands without signaling. On the other hand, the viral receptors show constitutive signaling without ligands. We examined the sites related to the functional difference. At first, the decoy and viral receptors were each classified into five groups, based on the molecular phylogenetic analysis. A multiple amino acid sequence alignment between each group and the CKRs was then constructed. The difference in the amino acid composition between the group and the CKRs was evaluated as the Kullback-Leibler (KL) information value at each alignment site. The KL information value is considered to reflect the difference in the functional constraints at the site. The sites with the top 5% of KL information values were selected and mapped on the structure of a CKR. The comparisons with decoy receptor groups revealed that the detected sites were biased on the intracellular side. In contrast, the sites detected from the comparisons with viral receptor groups were found on both the extracellular and intracellular sides. More sites were found in the ligand binding pocket in the analyses of the viral receptor groups, as compared to the decoy receptor groups. Some of the detected sites were located in the GPCR motifs. For example, the DRY motif of the decoy receptors was often degraded, although the motif of the viral receptors was basically conserved. The observations for the viral receptor groups suggested that the constraints in the pocket region are loose and that the sites on the intracellular side are different from those for the decoy receptors, which may be related to the constitutive signaling activity of the viral receptors.
INTRODUCTION
The members of the chemokine (CK) family play important roles in regulating cell migration against inflammation, immune surveillance, and oncogenesis in vertebrates (Zlotnik and Yoshie, 2000) . The CKs are classified into four subfamilies: CC, CXC, CX3C, and XC, based on the cysteine positions in their motifs (Zlotnik and Yoshie, 2000) . CKs exert their activities through binding to their corresponding receptors. Presently, more than 40 CKs and 18 chemokine receptors (CKRs) have been identified in the human genome: 10 CCRs, six CXCRs, one XCR, and one CX3CR (Nomiyama et al., 2011) . The CKR homologs are widely distributed among the vertebrate genomes. For example, homologs have even been identified from sea lampreys, which are one of the most primitive vertebrates (Nomiyama et al., 2011) . The amino acid sequence identities among the CKRs and the homologs range from 25 to 80%, and the CKRs constitute a subfamily in the class A G protein-coupled receptors (GPCRs). The CKRs have broad ligand specificities (Nomiyama et al., 2011) , and each receptor is able to interact with several CKs, and vice versa. This binding promiscuity makes it difficult to develop drugs to pinpoint the specific function of each CKR. Among these receptors, only the structure of CXCR4 has been solved by X-ray crystallography (Wu et al., 2010) . Like the other GPCRs, this structure is characterized by the seven transmembrane (TM) helices, although T4 lysozyme was inserted within the intracellular loop (ICL) 3 between the TM helices 5 and 6, to stabilize the crystal. The extracellular cavity of CXCR4 is reportedly larger and wide open, as compared to those of other GPCR structures (Wu et al., 2010) .
In addition to the traditional CKRs, five non-signaling CKR homologs have been identified in vertebrate genomes: CCRL1 (also known as CCX-CKR), CCRL2, CCBP2 (D6), CXCR7, and DARC (Duffy antigen receptor; Graham, 2009; Leick et al., 2010; Naumann et al., 2010) . They are called"decoy"or"silent"receptors, because they are able to bind to several CKs without ligandinduced signaling. Most of them are constitutively internalized with or without ligands, and only the receptors are recycled to the cell membrane. Their functions are considered to regulate inflammatory responses by controlling the volume of free extracellular CKs, through internalization and degradation (Bonecchi et al., 2010) . Like the traditional CKRs, these decoy receptors show a www.frontiersin.org broad CK-binding spectrum. CCRL1 interacts with several homeostatic CC-type CKs (Comerford et al., 2006) , whereas CCBP2 and DARC interact with inflammatory CKs (Graham, 2009 ). CXCR7 interacts with the dual-functional CXC-type CKs (Naumann et al., 2010) without activating G proteins (Thelen and Thelen, 2008) . CCRL2 is known to be a multifunctional receptor (Yoshimura and Oppenheim, 2011) . Like other decoy receptors, it regulates the amount of free CKs. At the same time, it functions as a receptor for an adipokine called chemerin, although the ligand binding does not induce signaling and the receptor is not internalized even after ligand engagement. DARC is the most distantly related to the CKRs among the five decoy receptors, and was originally identified as a malarial parasite receptor (Bonecchi et al., 2010) . The receptor also binds to the CC-and CXC-type inflammatory CKs.
Chemokine receptors homologs have been detected in double stranded DNA viruses, such as herpesvirus and poxvirus. These viruses are considered to have gained these proteins by horizontal gene transfer during the course of evolution (Slinger et al., 2011) . The viral receptors are constitutively active without ligands, although some of them can bind to CKs. We studied five groups of viral proteins as described below. E1 is derived only from equid herpesvirus 2 of γ-herpesvirinae, which interacts with CCL11 (Camarda et al., 1999) . ORF74 is derived from several γ-herpesviruses, and interacts with a broad range of CXC-type CKs (Maussang et al., 2009 ). The β-herpesviruses also have several CKR homologs. Among them, UL33 is encoded by the genomes of various vertebrate viruses, although its ligands have not been identified (Gruijthuijsen et al., 2002) . On the other hand, the US27, US28, and vGPCRs, which share high sequence similarity, have only been identified in the primate β-herpesviruses (Sahagun-Ruiz et al., 2004) . US28 is characterized as a receptor for CC-type ligands (Maussang et al., 2009) . Several poxviruses, such as capripox virus, deerpox virus, and yatapox virus, also encode CKR homologs in their genomes. The receptors of poxviruses not only share high amino acid sequence similarity to CCR8, but also the CCR8-like CK-binding profile; that is, high affinity to CCL1 (Najarro et al., 2006) . These viral receptors are considered to contribute to the escape from and/or the perturbation of the host immune system, and are involved in inflammatory diseases and cancer (Slinger et al., 2011) , although the mechanisms of these receptors in viral pathogenesis remain poorly understood.
The CKRs and their homologs have been classified into three functionally different types, from the viewpoints of ligand binding and signaling. The traditional CKRs bind their ligands, which induce signal transduction. The decoy receptors also bind ligands, although the process does not induce signal transduction. In contrast, the viral receptors exhibit signaling activity without ligand binding. The decoy receptors and the viral receptors are considered to have functionally differentiated after their divergence from the traditional CKRs, by gene duplication or horizontal gene transfer. Therefore, the functional differentiation of these three types is expected to have changed the functional constraints at the amino acid sites responsible for the ligand binding and/or signaling. If the sites involved in the functional differentiation can be identified, then the information about the sites would be helpful to understand the mechanisms for the signaling associated with ligandinduced conformational changes. Several different methods have been developed to detect the amino acid sites involved in the functional differentiation of homologous proteins from a multiple sequence alignment, and they are roughly classified into two types. One of them examines the difference in the evolutionary rate at each alignment site among the proteins with different functions (Gu, 1999; Simon et al., 2002) , while the other compares the amino acid compositions at each alignment site among the proteins with different functions (Landgraf et al., 1999; Hannenhalli and Russell, 2000) . We applied the latter method, the comparison of amino acid compositions, to identify the sites involved in the functional differentiation of CKR homologs. The difference in the amino acid composition at each alignment site between two groups (CKRs and decoy receptors, or CKRs and viral receptors) was calculated as the Kulback-Leibler (KL) information value (Hannenhalli and Russell, 2000; Ichihara et al., 2004) . The sites with large KL information values were selected as the candidates for the functional differentiation. The amino acid residues corresponding to the selected sites were mapped on the tertiary structure of CXCR4. The comparison of the CKRs and decoy receptors revealed that the sites with large KL information values were concentrated on the cytosolic side of the CKR structure, with statistical significance. In contrast, there was no such bias in the distribution of the sites with large KL values between the CKRs and viral receptors. Based on the detected sites and the distribution of the corresponding residues on the tertiary structure, the underlying mechanisms for the functional divergence of the CKR homologs will be discussed.
MATERIALS AND METHODS

AMINO ACID SEQUENCE DATA
The amino acid sequences of the CKRs and their homologs, including decoy receptors and viral receptors, were collected by searching the non-redundant protein sequence database at the NCBI site 1 with BLAST version 2.2.25 (Altschul et al., 1997) . The amino acid sequence of human CXCR4 (GI number of NCBI: 1705894) was used as the query for the BLAST search. The sequence similarity search was also performed against the Ensembl 2 and elephant shark genome project 3 genome databases. When several amino acid sequences were almost identical, one of them was selected as the representative. The sequences used in this study are shown in Table 1 .
AMINO ACID SEQUENCE ALIGNMENT AND PHYLOGENETIC ANALYSIS
A multiple amino acid sequence alignment was produced with the alignment software MAFFT, version 6.857 (Katoh et al., 2002; Katoh and Toh, 2008) . At first, 444 traditional CKRs were aligned. This result was manually refined, based on information about the secondary structures. Subsequently, 178 sequences consisting of decoy and viral receptors were added to the CKR alignment one by one, using the profile option of Clustal W (version 1.83; Thompson et al., 1994) . Based on the alignment, an unrooted molecular phylogenetic tree was constructed by the neighbor-joining (NJ) method (Saitou and Nei, 1987) . The genetic distance between every pair of aligned sequences was calculated as a maximum likelihood estimate (Felsenstein, 1996) , under the JTT model (Jones et al., 1992) for the amino acid substitutions. The sites including gaps in the alignment were excluded from the calculation. The statistical significance of the NJ tree topology was evaluated by a bootstrap analysis (Felsenstein, 1985) with 1,000 iterative tree reconstructions. Two software packages, PHYLIP 3.5c (Felsenstein, 1993) and MOLPHY 2.3b3 (Adachi and Hasegawa, 1996) , were used for the phylogenetic analyses. A cluster of decoy or viral receptors with a bootstrap probability greater than 80% was adopted as a group of receptors with different functions from the traditional CKRs.
CALCULATION OF THE KULLBACK-LEIBLER INFORMATION VALUE
The multiple alignment thus obtained was reconstructed into 10 alignments, each consisting of two groups, the traditional CKRs and one of the decoy receptor groups or viral receptor groups. We then calculated the amino acid compositions of the two groups at each alignment site, according to the multiple alignment. We used the method adopted in PSI-BLAST (Altschul et al., 1997) to estimate the site-specific amino acid composition. The weighting method of Henikoff and Henikoff (1994) was used for the residue count. The weight for the pseudocount β, was set to 0.1. For the calculation of the pseudocount, λ u , a parameter for ungapped BLAST, was calculated for each alignment by the Newton-Raphson method (Ewens and Grant, 2001) . When more than half of the sequences had gaps at an alignment site, the calculation of the sitespecific amino acid composition and the following investigation were skipped. Next, the difference in the amino acid composition between two groups at each alignment site was calculated as the KL information value. The KL information value is defined as follows:
where p and q are the site-specific amino acid residue compositions for the two groups, which are estimated by the method described above. The parameter i indicates that the summation is obtained over 20 amino acid residues. KL information does not satisfy one of the distance axioms, symmetry. To satisfy this condition, the KL information was modified as follows:
Formula 2 was used to predict the sites subjected to different functional constraints between the two groups. In this study, the functional constraint at a site of a protein sequence is defined as the extent of intolerance to mutation at the site, due to a reduction of the protein function by the mutation. This is a special case of the cumulative relative entropy developed by Hannenhalli and Russell (2000) , which is applicable to an alignment consisting of multiple groups. When the KL information value of an alignment site was located in the top 5% of the distribution of KL information values for all of the sites, the site was regarded as a site under different constraints between the groups (Ichihara et al., 2004) .
Among them, the sites that fell in the gap region of CXCR4 in the alignment were neglected, because the subsequent analyses were performed based on mapping onto the CXCR4 structure.
STATISTICAL EVALUATION FOR BIAS IN THE SPATIAL DISTRIBUTION OF THE SITES UNDER DIFFERENT CONSTRAINTS
We examined the statistical significance for the bias in the positions of the selected sites by the KL information values on the reference CXCR4 structure (PDB ID: 3ODU), using the following procedure. At first, we calculated the geometric center of the three extracellular loops (ECLs) and the N-terminal region, and that of the three ICLs. The coordinates of the Cα atoms were used for the calculation. The C-terminal region (residues 303-328) was not used in the calculation of the geometric center of the intracellular side, since this region extended into the cytosolic region. The chimeric lysozyme region was also neglected from the calculation. A unit vector on the axis connecting the two geometric centers, which originated from the midpoint between the geometric centers toward the geometric center of the extracellular side, was calculated. The inner product between the unit vector and a vector from the midpoint to the Cα atom of every residue, except for those of the chimeric lysozyme region, was then calculated. The inner product score indicated the projected position of the residue on the axis (see Figure 1) . The positive or negative score corresponded to the extracellular or cytosolic location of a residue, respectively, relative to the geometric center. The distribution of the inner product scores for the residues selected by the KL information values was compared with those of the remaining residues by the two-sided t -test. The null hypothesis was the same for all of the tests: the average of the residues corresponding to the sites with large KL information values is the same as that of the remaining residues. For the statistical test, the function in the statistical computing software R, "t -test," was used for the evaluation.
RESIDUE INDICATION
The sites of each group selected by the KL information values are indicated on the corresponding sites of CXCR4 in this study. When the site has the number based on Ballesteros-Weinstein nomenclature (Ballesteros and Weinstein, 1995) , the figure is also shown in the superscript. In this notation, the first digit indicates the number of the TM helix, and the following digit is the position counted from the most conserved site in each TM, to which the number 50 is assigned.
RESULTS
THE PHYLOGENETIC ANALYSIS
The multiple alignment of 622 sequences were constructed, which is downloadable from the URL: http://seala.cbrc.jp/∼toh/ suppl.html. The alignment of the representative sequences is shown in Figure 2 . Based on the alignment, the phylogenetic tree of the CKRs and the decoy and viral receptors was constructed (Figure 3 ). Several clusters with high bootstrap probability (>80%) were identified in the tree, which included five decoy receptor groups and five viral receptor groups. The decoy receptor groups are referred to as CCRL1, CCRL2, CCBP2, CXCR7, and DARC, according to the constituent receptors. The numbers in each group were 23, 15, 15, 24, and 15, respectively. On the The distance between the cyan and red spheres is close (3.26 Å). That is, the midpoint is considered to roughly reflect the geometric center of the transmembrane helices. How to take the orthogonal projection of an amino acid residue to the axis is shown by using Residue X. Consider a vector from the midpoint to the Cα atom of the residue. By taking an inner product between the vector and a unit vector, which runs along the axis and is originated from the midpoint. The projected point is obtained by taking the inner product.
other hand, the viral receptor groups are referred to as E1, ORF74, UL33, βHV, and pox. The first three groups were named according to the constituent receptors. The βHV group consists US28, US27, and vGPCRs. Pox is a group of receptors derived from poxviruses. The numbers in each viral group were 18, 14, 19, 16, and 19 . The evolutionary relationships between the CKRs and the decoy and viral receptors shown in the figure were roughly similar to those reported previously (Rosenkilde et al., 2001; Zlotnik et al., 2006) . Murphy et al. (2000) suggest that the evolutionary rates of the CKRs are faster than those of the other GPCRs, because of the immune functions of CKRs. The long branch lengths suggested that the evolutionary rates of the receptors belonging to CCRL2, DARC, ORF74, UL33, βHV, and pox may be higher than those of the traditional CKRs, although we refrained from further examination of evolutionary rate accelerations in this study. In the subsequent analyses, each group of the decoy and viral receptors thus obtained was compared with the group of the traditional CKRs.
DETECTION OF SITES WITH LARGE KL INFORMATION VALUES
The differences in the amino acid composition at each alignment site were examined between the traditional CKRs and each group of decoy and viral receptors. The sites with large KL information values in the top 5% are summarized in Table 2 . The residues corresponding to such sites were mapped on the structure of CXCR4 (Figure 4) . As shown in Table 2 , about 11 ∼ 14
Frontiers in Microbiology | Virology www.frontiersin.org sites were selected from each group with the comparison of CKRs, and they included the sites in the sequences for GPCRs or the CKR-specific motif. Several sites that have been experimentally identified to be important for ligand binding or signaling were also selected. In addition, many uncharacterized sites were detected.
The DRY (Asp-Arg-Tyr) motif of the GPCRs is conserved as the sequence DRYLAIV in the traditional CKRs, from the end of TM3 to ICL2 (Graham, 2009 ). The motif is related to signal transduction, through interactions with G proteins. The conserved R134 3.50 is involved in the interchanges between the inactive and active conformations of GPCRs. In the inactive conformation, this Arg Frontiers in Microbiology | Virology Table 1 is shown. The names of the CKRs (black), the decoy receptor groups (magenta), and the viral receptor groups (blue) are indicated near the receptor clusters. The bootstrap probabilities of the decoy and viral receptor groups are shown at the nodes corresponding to the common ancestors of the groups, which are indicated by circles.
interacts with its neighboring residue, D133 3.49 , but in the active conformation, the residue interacts with Y219 5.58 (Holst et al., 2010) . The sites in the DRY region of the DRYLAIV sequence were only detected from the analyses with the decoy receptor groups, CCRL2, CCBP2, and DARC. In addition, Y219 5.58 was also detected from the analysis with the DARC group. On the other hand, the sites in the LAIV 3.52 ∼ 3.55 region of the DRYLAIV sequence were detected from the examinations with the decoy and viral receptor groups, CCBP2, UL33, and βHV. The CWxP motif is located in the middle of TM6. This W252 6.48 is believed to function as a micro-switch in the receptor activation mechanism, and P254 6.50 creates a kink in this helix, around which TM7 performs its rigid body movements during activation (Nygaard et al., 2009 ). The corresponding sites of this motif were detected from the analyses of two decoy receptor groups, CCRL1 and CCRL2, but not from those of any viral receptor group. The fifth site of the NPxxY 5-6 F motif in TM7, Y302 7.53 functions in the interchange of an inactive rotamer conformation (Nygaard et al., 2009 ). The sites of this motif were detected from the investigations with every decoy receptor group and two viral receptor groups, ORF74 and UL33. The TxP motif of TM2 is known as a specific motif of the traditional CKRs. It is known that the TxP motif in TM2 is specific for traditional CKRs (Govaerts et al., 2001) . The third site of the TxP motif, P92 2.58 , bends the helix, which determines the intra-helical location that is involved in the receptor activation. The sites of the motif were detected from the analyses of two viral receptor groups, the ORF74 and pox groups, but not from the assessment with any decoy receptor group. In addition, several sites corresponding to highly conserved positions in GPCRs, which are denoted as x.50 by the Ballesteros-Weinstein nomenclature, such as N56 1.50 and D84 2.50 , were detected from analyses of several groups (see Table 2 ). Table 2 also shows the other important residues experimentally identified as having binding or signaling functions.
We examined which sites were commonly selected from the comparisons. No site was shared in all of the comparisons. Furthermore, there was no site commonly detected from the analyses with all of the decoy receptor groups or all of the viral receptor groups. However, several sites were detected from the different comparisons. For example, the sites corresponding to D74 2.40 , D84 2.50 , R134 2.50 , A141 3.57 , T142 3.58 , S144 3.60 , C218 5.57 , K230 6.26 , T241 6.37 , C251 6.47 , G306 8.47 , and K308 8.49 were detected from at least two assessments with decoy receptor groups. Most of these sites are located in ICL2, 3, and the C-terminal region. Among these sites, D84 2.50 , A141 3.57 , C218 5.57 , and K308 8.49 were also detected from at least one analysis with the viral receptor group. W94 2.60 , W102 (ECL1), L136 3.52 , H140 3.56 , G207 5.46 , L208 5.47 , and K308 8.49 were detected from at least two analyses of the viral receptor groups. Frontiers in Microbiology | Virology 
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The location was determined for the t-test (see Materials and Methods). The third column shows the position of the site in the primary structure of a GPCR (N-terminus, TM, ICL, ECL, and C-terminus). The fourth column indicates the site by the Ballesteros-Weinstein nomenclature. The fifth
column provides remarks about the site, such as experiments and motifs. The "pocket" in this column was calculated at the CASTp site (Liang et al., 1998 None of them, except for K308 8.49 , was detected from the analyses of any decoy receptor group.
STATISTICAL TEST FOR THE SPATIAL BIAS OF THE SITES WITH LARGE KL INFORMATION VALUES
As shown in Figure 4 , the distribution of the sites selected from the analyses with the decoy receptor groups seemed to be biased toward the cytosolic side of the CKR structure. In contrast, there did not seem to be any trends in the distribution of the sites obtained from the analyses with the viral receptor groups. To quantitatively examine the observations, the residues corresponding to the selected sites and the remaining residues were projected on the axis connecting the center of gravity of the ECLs including the N-terminal region, and that of the ICLs (see Figure 5) . Based on the projection on the axis, t -tests were performed as described in the Section "Materials and Methods."
The results of the t -tests are summarized in Table 3 . As shown in this table, the null hypothesis was rejected in three cases of the analyses with decoy receptor groups, CCRL1, CCBP2, and DARC, under the significance level of 5%. To examine the bias further, the one-sided t -test was applied to the observations about the decoy receptor groups. The null hypothesis was the same as that of the two-sided test, but the alternative hypothesis was that the average of the residue with the large KL value is smaller than that of the remaining residues. We found that the null hypothesis was rejected for four cases with decoy receptor groups, CCRL1, CCBP2, DARC, and CXCR7 (data not shown). That is, the distribution of the residues corresponding to the sites with large KL information values of the decoy receptor groups, except for CCRL2, was biased toward the intracellular side of the receptor. The two-sided t -test was also applied to the analyses of the viral receptor groups. In all cases, the null hypothesis was not rejected. This result suggested that the residues selected by the KL information values of the viral receptors were distributed on both the extracellular and intracellular sides.
DISCUSSION DECOY RECEPTORS
The difference in the amino acid composition at an alignment site between two receptor groups, as evaluated by the KL information value, was considered to reflect the difference in the functional constraints at the site between the groups. As described above, decoy receptors are able to bind to CKs, but do not induce signaling. The sites detected by the KL information value would reflect the functional difference. Actually, the sites included in several motifs, such as DRY, CWxP, and NPxxY 5-6 F, which are involved in signaling, were detected. The bias in the locations of the detected sites on the intracellular side was statistically significant by the twosided or one-sided t -test in four out of five decoy receptor groups. Especially, all of the sites detected from the analysis of CCBP2 www.frontiersin.org were located on the intracellular side. The test with the CCRL2 group was the only one that did not suggest a statistically significant bias in the distribution of the detected sites. As described above, CCRL2 is also able to bind to chemerin (Yoshimura and Oppenheim, 2011) . The adaptation to the new ligand may have introduced the change in the functional constraints on the extracellular side, which may be the reason why the null hypothesis was not rejected. This observation suggested that the functional divergence of CCRL2 was induced under different selective pressure, as compared to the other decoy receptors after gene duplication. CCRL2 forms a gene cluster together with the genes for CCR1, 2, 3, and 5 in several mammalian genomes (Nomiyama et al., 2011) . The close relationship of CCRL2 to these CKRs and its distant relationship to the other decoy receptors in the phylogenetic tree (Figure 3) were consistent with the conservation of the gene orders in the genomes, although the bootstrap probabilities for the relationships were not always high. The evolutionary relationship and the conserved gene order, together with the acquisition of binding activity to a new ligand, suggested a unique evolutionary position of CCRL2 relative to the other decoy receptors.
The lack of signal transduction activity in the decoy receptors is attributed to the degeneration of the DRY motif (Comerford et al., 2007) . Our study suggested that the degenerations of other motifs and functional residues may also be related to functional changes. For example, two decoy groups, CCRL1 and CXCR7, contained the typical DRY motif. However, the sites in other motifs that are related to the conformational change associated with the activeinactive switch had large KL information values in these decoy receptors. This observation suggested that the constraints for the residue conservation at the sites in the traditional CKRs are looser in the two decoy receptor groups (see Table 2 ). In addition to the motif sites, the highly conserved sites in the TM regions of GPCRs, including the traditional CKRs (x.50 in the Ballesteros-Weinstein nomenclature), had large KL information values in the analyses with several decoy receptor groups. The use of different amino acid residues at such sites may lead to functional and/or structural changes. Several sites with uncharacterized functional relationships also showed large KL information values. Most of them were www.frontiersin.org found in ICLs 2 and 3. As these loops are considered to interact with G proteins, the sites detected on the loops may be involved in the loss of the signaling function of the decoy receptors.
VIRAL RECEPTORS
We anticipated that the sites detected from the analyses with the viral receptor groups would be found on the extracellular side, since viral receptors exhibit signaling activity without ligand binding. As described above, however, the sites with the large KL information values were found not only on the extracellular side, but also on the intracellular side. We examined the detected sites from the different viewpoint. CASTp 4 (Liang et al., 1998 ) is a program to identify pocket regions in a given tertiary structure. When we applied CASTp to the coordinates of CXCR4, the pocket region corresponding to the ligand binding cavities of GPCRs was reported with the highest score. The residues consisting of the pocket region were mainly projected on the extracellular side of the axis (see Figure 1) , although some residues were projected on the intracellular side. The numbers of detected sites located in the pocket regions of the five decoy receptor groups were 2, 2, 0, 1, and 1, whereas 3, 2, 5, 3, and 4 sites were located in the pocket regions of the five viral receptor groups (see Table 2 ). The number of sites was transformed into the ratio to the total number of detected sites for each receptor group. The one-sided t -test showed that the difference in the ratios between the decoy and viral receptor groups was statistically significant (p-value = 0.003864). That is, more sites were detected in the pocket region in the viral receptor groups, as compared to the decoy receptor groups. As shown in Table 2 , in addition, about half of the sites in the pocket region have been characterized as being involved in ligand recognition. These sites are often occupied by conserved, bulky amino acid residues in CKRs. The result suggested that the functional constraints at the ligand binding region are different between the viral receptors and the traditional CKRs, as we first expected. The sites in the DRY motif were not detected in any of the viral receptor groups. This motif was basically conserved in the viral receptors, except for the ORF74 group. A previous study reported that ORF74 performs signal transduction, despite the fact that the DRY motif is changed to DTW (Rosenkilde et al., 2005) . They also showed that the introduction of the DRY sequence into ORF74 induces functional reduction. In our study, the sequences collected as the ORF74 group showed variations in this region. For example, equid herpesvirus 2 has DTW, whereas the rodent and primate herpesviruses have xRC or xRY. Each variation includes 4 http://sts.bioengr.uic.edu/castp/ the residues identical to those of the original DRY motif, which may have reduced the KL information value and led to the failure in the detection of the sites. Instead, the sites in the TxP and NPxxY 5-6 F motifs and the sites spatially surrounding the DRY motif were detected from the analysis of the ORF74 group (see Table 2 ). The amino acid replacements in the two motifs, which are considered to be involved in the conformational change, and those of the residues near the DRY motif may have contributed to the maintenance of the signaling activity of ORF74, despite the deviation from the typical DRY motif. In contrast, no sites in any motif were detected from the comparison with the E1 group. The E1 receptor reportedly lacks constitutive signaling activity (Rosenkilde et al., 2008) . The conservation of the motifs suggested the difference in the signaling functions between the E1 group and other viral receptor groups.
We had not expected to detect the sites on the intracellular side from the comparisons with the viral receptor groups, since these receptors exhibit signaling activity without ligand binding. However, quite a few sites with large KL information values were also found on the intracellular side. As described above, the overlap of the selected sites between the decoy receptors and the viral receptors was small. The difference in the selected sites on the intracellular side between the viral receptor groups and the decoy receptor groups may be basically related to the difference in the activities of the receptor groups. That is, the sites of the viral receptor groups under the constraint to maintain the signaling without ligand binding may be different from the sites of the decoy receptor groups, where the functional constraints may have been weakened due to the loss of the signaling activity.
CONCLUSION
We have identified the alignment sites (and the corresponding amino acid residues) that may be responsible for the functional changes from CKRs to decoy receptors or viral receptors. The distributions of the identified residues on the tertiary structure seemed to reflect the functional differences. This prediction could be examined by an experimental study, such as amino acid replacement, or a computational study with molecular dynamic simulations. Such studies could provide deep insights into the mechanism of GPCR signaling through conformational changes. The experimental and computational confirmations of our prediction remain as future endeavors.
